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Functional roles of an anionic lipid phosphatidylglycerol (PG) were studied in pgsA-gene-inactivated and
cdsA-gene-inactivated/phycobilisome-less mutant cells of a cyanobacterium Synechocystis sp. PCC 6803,
which can grow only in PG-supplemented media. 1) A few days of PG depletion suppressed oxygen evolution
of mutant cells supported by p-benzoquinone (BQ). The suppression was recovered slowly in a week after PG
re-addition. Measurements of fluorescence yield indicated the enhanced sensitivity of Qg to the inactivation
Keywords: by BQ. It is assumed that the loss of low-affinity PG (PG.) enhances the affinity for BQ that inactivates Q.
Chlorophyll fluorescence 2) Oxygen evolution without BQ, supported by the endogenous electron acceptors, was slowly suppressed
Lipid due to the direct inactivation of Qg during 10 days of PG depletion, and was recovered rapidly within 10 h
Oxygen evolution upon the PG re-addition. It is concluded that the loss of high-affinity PG (PGy) displaces Qg directly. 3) Elec-
Phosphatidylglycerol tron microscopy images of PG-depleted cells showed the specific suppression of division of mutant cells,
Photosystem Il assembly which had developed thylakoid membranes attaching phycobilisomes (PBS). 4) Although the PG-depletion
Qg plastoquinone for 14 days decreased the chlorophyll/PBS ratio to about 1/4, florescence spectra/lifetimes were not modified
indicating the flexible energy transfer from PBS to different numbers of PSII. Longer PG-depletion enhanced
allophycocyanin fluorescence at 683 nm with a long 1.2 ns lifetime indicating the suppression of energy
transfer from PBS to PSII. 5) Action sites of PGy, PGy and other PG molecules on PSII structure are discussed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The negatively charged lipid phosphatidylglycerol (PG) is a ubiq-
uitous component of thylakoid membranes of cyanobacterial and
plant chloroplasts and constitutes 5-10% of total lipids [1]. The loss
of PG affects the structure of thylakoid membranes [2,3], and dam-
ages the function of both PS I and PS II reaction centers (RC) [4-7].
In the structure of photosystem I reaction center complex (PS I RC)

Abbreviations: APC, allophycocyanin; BQ, p-benzoquinone; Chl, chlorophyll; Dgq)
and Dying), decay of fluorescence yield measured with and without BQ; DCMU, 3-
(3’,4’-dichlorophenyl)-1,1-dimethylurea; DGDG, digalactosyldiacylglycerol; MGDG,
monogalactosyldiacylglycerol; Oygq) and Oain), 0Xygen evolution activity with and
without BQ, respectively; PAM, pulse amplidue modulation; PC, phycocyanin; PG,
phosphatidylglycerol; PGy and PG;, PG bound to the high- and low-affinity sites that
regulate the Qg function, respectively; PG1-5, PG molecules identified in the structure
of PSII; PS, photosystem; Q4 and Qg, first and second electron acceptor plastoquinoneof
PSII; RC, reaction center; SQDG, sulfoquinovosyldiacyglycerol; WT, wild type
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of Thermosynechococcus elongatus, the X-ray crystallography study
[8] revealed four lipid molecules on the reducing side of the PsaA
and PsaB polypeptides. Two PG molecules are at the peripheral moie-
ty and one PG and one monogalactosyldiacylglycerol (MGDG) are lo-
cated near the electron acceptor phylloquinone molecules (A; and
A;’) [8]. The amount of PS I was decreased in the PG-depleted mutant
cells of Synechocystis sp. PCC6803 [4]. Especially PSI trimers were de-
creased significantly in parallel with the decrease of PsaL subunit sug-
gesting that PG is located at the center of PS I trimers associated with
the PsaL subunits too [4].

X-ray crystallography studies of PS II RC of Thermosynechococcus
elongatus [9,10] have indicated multiple lipid molecules. Two PG mol-
ecules are identified in a 3.0 A PSII structure [10]. One PG molecule
(denoted as PG, in Fig. 1) was located between the D1 and CP43
proteins at the postulated pathway for the exchange of Qg quinone.
Biochemical assays, on the other hand, indicated associations of 6-7
molecules of PG in the purified PS Il RC of Thermosynechococcus
elongatus and plant PS II RCs [11] indicating that some PSII-bound
PG molecules were not identified yet in the structure. A recent
1.9 A structure of PSII of this organism [12] identified these two
PG too and revealed another 3 PG (altogether 5 PG) with other 6
monogalactosyldiacylglycerol (MGDG), 5 digalactosyldiacylglycerol
(DGDG) and 4 sulfoquinovosyldiacylglycerol (SQDG) molecules as
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Fig. 1. Locations of negatively charged lipids, PG and SQDG (SQ), at the reducing-side
surface of PS Il RC monomer structure at 1.9 A-resolution. A. Locations of cofactors.
PG, SQDG and plastoquinone (Qa and Qg) are shown in space-filling models, and pheo-
phytin a is shown as a stick model. Green arrows indicate the positions of head groups
of PG. B. Locations of cofactors and protein subunits. Protein subunits, D1, D2, CP43 and
CP47 are added to cofactors in A. C. A view of PSII surface on the reducing side. Cofactors
and all the protein subunits including those in B are drawn in space filling models to
show the exposure of lipids to the outer medium. Images were drawn with a MacPymol
software and 3ARC.pdb data [12]. PG;_5 correspond to LHG:E772, D714, D702, L694
and D664, respectively. SQ;_s correspond to SQDG:D768, A659, A667, L668, and B668,
respectively, of 3ARC.pdb file.

shown in Fig. 1. Interestingly, the distributions of lipids are highly
asymmetric. All the negatively charged lipids (SQDG and PG) are lo-
cated on the reducing side surface of PSII as shown in Fig. 1 except
for one MGDG at the periphery, and only the uncharged lipids are
bound to the oxidizing side surface. It is, therefore, suggested that
each PG molecule is specifically bound to a unique site on PSII and
bears a specific functional/structural role together with the associat-
ed protein subunits. We attempted to identify the role of each PG
identified on the structure in this study.

The role of lipids in photosynthesis has been studied either in in
vitro extraction or after in vivo lipid degradation [1,13,14]. The treat-
ment of thylakoid membranes with phospholipase C led to the sup-
pression of PS II activity [13]. A specific role of PG in PS I was also
suggested by Ikegami [15,16] who demonstrated that the addition
of PG, but not that of MGDG, contributed to the reconstitution of chlo-
rophylls (Chls) into ether-extracted PS I particles that are depleted of
95% of antenna Chls, two phylloquinones and most of lipids. The role
of PG has been also studied in vivo in a mutant strain of Synechocystis
sp. PCC6803 that has an inactivated gene encoding PG-phosphate
synthase (pgsA) [3]. The pgsA-inactivated mutant strain produced
by Hagio et al. [6] has been widely used to explore the role of PG.
The mutant cells grew normally in media supplemented with PG,
but showed suppressed oxygen-evolving activity with a concomitant

decrease in Chl a and PG content [6]. Gombos et al. [5] have shown
that the PG depletion induces the inactivation of the PS II secondary
electron acceptor, plastoquinone Qg. Sakurai et al. [7] pointed out
that PG depletion leads to the destabilization of PS II dimers. Similar
results were also reported by the inactivation of another gene cdsA
that encodes cytidine 5’-diphosphate (CDP)-diacylglycerol synthase
that is also required for PG synthesis [3,17]. PG was assumed to be im-
portant also for the formation of PS II dimer structure [7]. However,
the 1.9 A structure of PSII dimer crystal [12] does not contain PG at
the binding surface of PSIl monomers.

We studied oxygen evolution, Qa to Qg electron transfer reaction and
fluorescence at 77 K to analyze the effects of depletion and re-addition
of PG in the ApgsA- and PAL/AcdsA-mutant strains of Synechocystis sp.
PCC6803. The results indicated two distinctly different PG functions in
the regulation of Qg together with the candidates of other PG action
sites.

2. Materials and methods
2.1. Organisms and culture conditions

Cells of a ApgsA mutant strain [17] and a PAL/AcdsA strain [6] of
Synechocystis sp. PCC6803 were grown photoautotrophically at
30 °C at a light intensity of 40 umol m~2 s~ ! in a BG11 medium sup-
plemented with 5mM HEPES-NaOH buffer (pH 7.5), 20 ug mL™!
kanamycin and 20 umol dioleoyl-PG as described previously [4]. For
the depletion of PG, cells grown in the PG-supplemented (+ PG) me-
dium were sedimented by centrifugation, washed twice with PG-free
(—PG) culture medium, and then inoculated into the fresh PG-free
medium. Wild-type cells were grown in the PG-free medium.

2.2. Measurement of absorption spectra and pigment concentration

Absorption spectra of cell suspensions were recorded with a
wavelength resolution of 1 nm by a Shimadzu UV-1601 spectropho-
tometer in the cell chamber closer to a detector. Cell density was
monitored by absorption at 720 nm that is mainly contributed by
the light scattering of cells. Chl a concentration was calculated by
the absorbance at 665 nm after the extraction of cells with 90% meth-
anol with an extinction coefficient of 78.95 mM ™' cm™ ! [18,19].

2.3. Electron microscopy

The harvested cells were fixed in 1% paraformaldehyde and 1%
glutaraldehyde for 4 h at 4 °C and post-fixed in 1% osmium tetroxide.
The samples were dehydrated in aqueous solutions of increasing eth-
anol concentrations, and then embedded in Spurr resin. Following po-
lymerization, 85-90 nm ultra thin sections were cut out by a Reichert
Ultracut E ultramicrotome. The sections were treated with uranyl ac-
etate and lead citrate and subjected to electron microscopy in a Zeiss
EM 902 electron microscope.

2.4. Measurements of oxygen evolution and fluorescence yield

Oxygen evolution was measured with a Clark-type electrode
(Hanza Tec. Co.). The cells suspended in the growth medium inside
a 1 cm-diameter tube were illuminated with white light from a hal-
ogen tungsten lamp through heat-cut filters at a nearly saturating
intensity of 500 umol photons m~2s~! as described previously
[17].

Changes in the yield of chlorophyll fluorescence of cell suspen-
sion in a 10 mm light-path cuvette were monitored using a PAM
fluorometer with a probing LED blue excitation flash, which was
given at varied delay times with respect to the strong actinic excita-
tion at a nearly saturating intensity with a red LED (FI3000 Photon
Systems Instruments, Kolackova, and Czech). Fluorescence yields
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Fig. 2. Changes of absorption spectrum of ApgsA mutant cells cultured in — PG medium.
a, b and c represent absorption spectra of cells cultured in — PG medium for 0 (4 PG),
10 and 20 days, respectively. Each spectrum was corrected for the light scattering at
720 nm, and normalized at 620 nm peak of phycocyanin (PC). Inset. Changes of relative
contents of PC and Chl a in cell. Peak heights of PC and Chl a bands with respect to
absorbance at 720 nm of each cell suspension were calculated as rough measures of
relative contents per cell. Effects of cell size changes to the 720 nm absorption/scattering
were not considered.

were normalized as for the extent between the minimum (Fp)
and maximum (Fy;) yields measured before and just after the satu-
rating excitation, respectively [22]. Fy and Fy; levels were almost un-
affected by the moderate —PG treatment shorter than 10 days as
shown in Fig. 5, although they were increased after 14 days of
—PG treatment due to the higher fluorescence from allophycocya-
nin (APC) (see Fig. 8). Fy was, on the other hand, decreased by 5-
30% on addition of BQ at 0.1-0.5 mM. These effects of long PG-
depletion and high BQ concentrations were avoided in the measure-
ments in Figs. 5 and 6 done at 0-7d(—PG) treatments at
0-0.05 mM BQ.

Fig. 3. Effects of PG depletion on the cell morphology of ApgsA cells. Synechocystis sp.
PCC6803 ApgsA cells were cultured under + PG and 21 d(—PG) conditions, respectively.
Upper and lower images show the images at different magnifications. A scale bar in
each figure represents 1 um. (Courtesy of A. Parducz).

2.5. Measurements of fluorescence spectra and fluorescence lifetimes

Fluorescence spectra under continuous illumination were mea-
sured with a fluorescence spectrometer (F-3000, Hitachi, Hitachi,
Japan) at 77 K with spectral resolution of 1.5 nm. Fluorescence emis-
sion spectra were not calibrated as for the detector sensitivity.

Simultaneous measurements of spectrum and picosecond decay
kinetics of fluorescence at 77 K were done by using a streak camera
system (Hamamatsu Photonics, Hamamatsu, Japan) in a single pho-
ton counting mode as described elsewhere [20,21]. Excitation light
from a 405 nm diode laser, with a 60 ps duration and operated at
1 MHz repetition rate, was focused onto the sample cells (at a con-
centration of 40 pg Chl/ml) in a quartz cuvette (light path=1 mm)
placed in a cryostat (Oxford DN900, Oxford, UK) at 77 K. Fluorescence
was dispersed in a 30 cm monochromator as for the emission wave-
lengths, and then, excited the photocathode of image intensifier.
The electrons produced from the photocathode were accelerated in-
side the streak camera to give displacement as for the arriving
times, excited the phosphor plate, and were detected by a CCD cam-
era, and the traces of photons with intensities higher than the ther-
mal noise level, were calculated. The system permitted the two-
dimensional acquisition of fluorescence with respect to wavelength
and time along the x and y axes, respectively, with wavelength reso-
lution of 1 nm and the time resolution of 15 ps, respectively, under
the present experimental condition (see Fig. SI1). We calculated the
time-resolved spectra and the wavelength-resolved decay kinetics
from the image as reported [21]. Fluorescence emission spectra
were not calibrated as for the detector sensitivity.

3. Results
3.1. Effect of PG depletion on cell pigments

Fig. 2 shows the absorption spectra of ApgsA mutant cells of
Synechocystis sp. PCC6803 [6] grown in a medium with (+PG) and
without PG for 10 and 20 days, which are designated 10 d(—PG)
and 20d(—PG) cells hereafter, respectively. The absorbance at
720 nm was subtracted as the base line in Fig. 2. After normalization
at the 620-nm peak of phycocyanin (PC) in phycobilisome (PBS), the
Chl a bands were low in the PG-depleted cells. PC peak height normal-
ized with respect to the cell turbidity, which was measured as the ab-
sorbance at 720 nm before the subtraction of baseline (inset in Fig. 2),
was almost constant. The content of PC per cell, therefore, seems to be
less affected as reported [4], although the turbidity may not be a pre-
cise measure of the cell number for the larger-PG cells (see Fig. 3).
After 20 d(—PG) treatment, Chl a content was significantly lower
than that of the + PG cells, while the PC content was similar (inset in
Fig. 1), in line with the earlier observations [3-7]. PG depletion de-
creased the growth rate and the specific activity of oxygen evolution
per Chl as shown in more detail below (see Fig. 4).

3.2. Effect of PG depletion on cell morphology

We studied the morphology of ApgsA mutant cells by negative-
staining electron microscopy. Thin section of + PG cells (Fig. 3, +PG)
showed round-shaped, normal-size Synechocystis cells with a small
number of dividing cells (11 per 55 cells). The lower image in the ex-
panded scale show cells with developed thylakoid membranes that
sandwich densely-stained layers of phycobilisomes. Images of 21d
(—PG) cells (Fig. 3), on the other hand, showed larger cell sizes and
most of them (25/30) are dividing incompletely. The dividing cells are
even connected to another cell with transparent envelope suggesting
the severe suppression of cell division process as shown in the lower
panel. It seems that membrane formation itself is not suppressed much.

Both the +PG and — PG cells in Fig. 3 show the developed thyla-
koid membranes that are spaced at 50-60nm each other



290 S. Itoh et al. / Biochimica et Biophysica Acta 1817 (2012) 287-297
| -PG | +PG | | -PG |
=~ &A)dpgsa 1 [B)aesa s 1% = [C)rarncisa
£ 1o o 1 £
5 2008 . AL IS
H g
= a, 02(. 0 . 1 &
2 " 1 400 {1E 2
: b %
ER 1° 1€ 2
5 1007 {¢,Chla | 20 ] g g
= - 4 200 E =
= | 1 ! ob =
% - ‘. I’ D": 1 % \
o : g O c,Chla - SIS ®ho
© P> Oxpg) oo ©5N4 S v 2BQ
0 5 10 15 20 day 0 2 4 6 8 day 0 5 10 15 20day

-PG incubation time

+PG incubation time

-PG incubation time

after 7d(-PG)

Fig. 4. Changes in the oxygen-evolving activities from H,O to CO, (to the endogenous electron acceptors, Ox(int)), and H,0 to externally added BQ (Oq)) during PG depletion
(—PG) and re-addition (+ PG). A and B, activities during — PG treatment (A), and during PG re-addition after 7 d(— PG) treatment (B) in the ApgsA cells, respectively. C, activities
during PG depletion in the PAL/AcdsA mutant cells. a and b represent oxygen evolution activities measured without (Oxinr)) and with BQ (O gq)), respectively. ¢, Chl a content in

the growth medium.

sandwiching the dense granular layers of PBS. Therefore, the thyla-
koid membranes are formed even in the — PG cells probably due to
the increase of other lipids that is known to compensate the PG loss
[5-7]. Then, the thylakoid membranes in the — PG cell should contain
comparable amount of PBS on the surface and much less amount of
PSI, PSII and PG inside the membranes compared to those in the
+ PG cells.

3.3. Inhibition of the oxygen evolution and induction of the inhibition by
p-benzoquinone by —PG treatment

The oxygen evolution activity driven by the illumination of red
light at saturating intensity was measured during the PG depletion

and re-addition in ApgsA cells (Fig. 4A and B). The + PG cells were
once washed in the —PG medium and inoculated into the fresh
— PG medium to start the PG-depletion culture. Two types of specific
oxygen evolution activities per Chl amount were measured. The one,
designated O.in) hereafter, was measured in the absence of added
artificial electron acceptors. The activity is supported by the intrinsic
electron acceptors and CO, through PS 1. The Oin) was suppressed
slowly to 70% after 6 days of — PG treatment under the present exper-
imental condition (Fig. 4A). Longer PG depletion resulted in stronger
suppression.

Chl content in the whole culture increased even in the — PG medi-
um slowly (dotted lines with open squares in Fig. 4A), although the
divisions of mutant cells are suppressed in the —PG medium as
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Fig. 5. Changes of flash-induced fluorescence yield induced by the strong actinic excitation, measured with a PAM fluorometer in ApgsA mutant cells. A, PG-supplemented cells
(4+PG). B and C, 3d(—PG) and 7 d(—PG) cells, respectively. D and E, at 10 and 24 h, respectively, after re-addition of PG to 7 d(—PG) cells. F, at 10 h after re-addition of PG to
7 d(—PG) cells in the presence of lincomycin. a, b and c in A-F, correspond to no addition, 450 uM BQ, and + 10 pM DCMU, respectively. BQ was added exactly at 1 min before

each measurement.
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seen in Fig. 3. Upon the inoculation into the + PG medium again after
the 7 d(—PG) treatment, Chl content gradually increased (dotted lines
with open squares in Fig. 4B) together with the re-start of cell division
as reported [4-7,17].

We also measured the oxygen evolution activity supported by the
added artificial electron acceptor, p-benzoquinone (BQ) and desig-
nated it as O,(gq) hereafter. BQ is expected to accept electrons directly
from PSII, from either Qg or plastoquinone pool, by bypassing the PS I
and cytochrome bg/f complexes. In the + PG cells O,gq) was higher
than O, (inr) Showing BQ to be an electron acceptor better than the
intrinsic ones (broken lines and closed circles in Fig. 4A). However,
0,(Bq) decreased rapidly after the start of PG depletion, and became
null after 5 d(— PG) incubation. Surprisingly, the decrease occurred
more rapidly than that of Oy (i) that depends on both PSII and PSI
activities. Therefore, BQ inhibits PS II activity only in the —PG
cells, as do inhibitors like DCMU and atrazines that specifically in-
hibit the O, evolution in wild type cells by replacing plastoquinone
in the Qg binding site.

3.4. Effects of re-addition of PG

Re-addition of PG to the growth medium recovered the Ox(inr) and
O, (pq) activities from the low suppressed levels of the 7 d(—PG) cells
(Fig. 4B). O (int), which slowly decreased during the PG depletion, re-
covered very rapidly within a day after the re-addition of PG. On the
other hand, Oygq), which decreased rapidly to zero during the 7 d
(—PG) treatment, recovered more slowly after the re-addition of
PG, showing a half recovery time of 4 days.

It can be summarized that O,y decreased slowly during the PG
depletion and increased rapidly upon the PG re-addition. On the
other hand, O,(gq) decreased very rapidly during the PG depletion
and increased very slowly upon the PG re-addition. These two types
of activities responded to PG depletion differently, and suggest the
existence of two different mechanisms or two different functional
sites of PG. The recovery of cell growth, on the other hand, seems to
occur more slowly after the re-addition of PG judging from the slow
increase of Chl content in the growth medium (trace c in Fig. 4B).

The effects of PG depletion on Oyinyy and Oy gy were also
studied in PAL/AcdsA-mutant cells, which lack the cdsA gene and phy-
cobilisomes [17]. The decrease of Oy in) occurred rapidly, and that of
Oy(8q) (Fig. 4C) occurred slowly during the —PG treatment similar
to those in ApgsA-mutant cells in Fig. 4A. Therefore, the two types
of —PG effects on PSII are common in both types of mutant cells
that lack different enzymes in the PG biosynthesis pathway [2,17].
The low Oainyy and Oy(pq) activities in the PAL/AcdsA-mutant cells
seem to come from the absence of PSII antenna PC. We further stud-
ied the mechanisms of the two effects using ApgsA-mutant cells in the
following sections.

3.5. Analysis of Qa to Qg electron transfer reaction monitored by flash-
induced fluorescence yield

In order to see the exact target sites/mechanisms of PG depletion,
we measured the flash-induced yield of fluorescence using a PAM
fluorometer in ApgsA cells (Fig. 5). We monitored the fluorescence
yield excited by a probing blue weak excitation flash to monitor the
accumulation and dark decrease of Qa after the illumination of the
red actinic flash of saturating intensity. In the + PG cells, the high
yield after the actinic flash decreased rapidly with an apparent time
constant of 0.31 ms in the dark (Fig. 5A, curve a). The rise and decay
indicate the photo-accumulation of Q4 and its dark oxidation by Qg,
respectively. The yield finally attained a lower level, which was deter-
mined by the equilibrium between electrons on Qa and the pool plas-
toquinones [21].

The decay time courses of the fluorescence yield with and without
BQ, which are hereafter designated D gq) and Dint), respectively, were

almost the same each other in + PG cells (b and a in Fig. 5A). The re-
sults suggest that BQ does not oxidize Qa directly, and acts as the
electron acceptor to Qg or pool plastoquinone under this condition.
The addition of 10 uM DCMU, which is expected to bind at the Qg
site and to displace plastoquinone, eliminated the fast decay phase
and increased the slow decay phase with an apparent time constant
of about 0.9 s (open circles in Fig. 5A). The slow decay represents
the charge recombination reaction between an electron on Qs and
a hole on the S, state in PS II [21].

We measured Dy after various periods of PG depletion (Fig. 5A-C).
The fast phase in Diny was decreased by about 20% after 3 d(—PG)
treatment (Fig. 5B). After 7 d(—PG) treatment, Djny lost 60% of the
fast phase (Fig. 5C). The slower decay phase at 0.01-10s was increased,
indicating the suppression of electron transfer from Qa to Qg. The result
indicates the requirement of PG for the proper function of Q.

Although Diny) in the 3 d(—PG) cells lost only 20% of the fast
phase (Fig. 5B), D(gq) lost more than 60% of the fast decay, suggesting
the severer suppression of the Qg function in the presence of BQ. This
is rather strange because BQ is expected to serve as an external elec-
tron acceptor to Qg or plastoquinone pool. In the 7 d(—PG) cells Dinr)
decreased its fast decay to 60% (Fig. 5C), while D(gq) almost complete-
ly lost fast decay phase indicating the inactivation of Qg, as does
DCMU. The change of D(gq), therefore, explains the suppression of
O,(8q) in Fig. 4 detected during the PG depletion. An apparent half
time of the slow phase, which was enhanced by the addition of BQ,
was calculated to be 0.4 s in each case in curve b in Fig. 5B-F and is
shorter than that of 0.9 s measured in the presence of DCMU.

Fig. 5D-F represents the effects of re-addition of PG to 7 d(—PG)
cells. Just 10 h after the re-addition of PG, Diny) fully recovered the
fast phase (Fig. 5D). Similar rapid recovery was also seen in the pres-
ence of lincomycin (Fig. 5F), suggesting that the de novo synthesis of
protein was not necessary for this recovery. On the other hand, we
can still see the BQ effect on D(gqy even at 1day after the PG re-
addition (Fig. 5E), at which time Dyin) has already recovered the fast
phase. It shows that the sensitivity of Qg to BQ cannot be decreased
within a short period even after addition of PG to the growth medium.

Fig. 6A plots amplitudes of the fast-decay phases in D jn) and D(pq)
against the lengths of PG depletion and PG re-addition, calculated
from data as those in Fig. 5. Amplitude of the 0.3-ms decay phase
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tion, +50 uM BQ and + 10 uM DCMU, respectively. In d and e, PG was re-added with
lincomycin together with and without BQ, respectively. Relative amplitude of the fast
phase (mainly the 0.3-ms decay phase with respect to the total extent of decay) was
calculated as the difference between the extents at the initial peak (at 0s) and at
1 ms after the peak from the results as those in Fig. 5. B. Dependence of the extent of
the fast decay phase of fluorescence yield on the concentration of BQ during depletion
and re-addition of PG in the ApgsA mutant cells. a, 4+ PG cells. b, in 3 d(—PG) cells. ¢, in
7 d(—PG) cells. d, at 24 h after re-addition of PG to the 7 d(—PG) cells. e, similar to d,
in the presence of lincomycin. BQ was added exactly at 1 min before each measurement.
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was calculated as the extent of 0-1 ms decay. Relative extents of the
fast phase in Dy gradually decreased during PG depletion until
the 7th day and was almost fully recovered already at 10 h after the
re-addition of PG both in the presence and absence of lincomycin.
On the other hand, the fast phase in D(gq) disappeared faster than
that in Dinr), and it did not recover even at 1 day after the PG re-
addition, at which time the fast phase in D(jn) has been fully recov-
ered. The two time courses are, thus, distinctly different. The time
courses of inhibitions and recoveries of O, (int) and Oy (gq) in Fig. 4A re-
semble those of the fast phases in Din) and D(gq) in Fig. 6, respective-
ly. Therefore, it is concluded that the modifications of the Qg activity
by PG and BQ induced the changes of Oy inr) and O,gq) activities.

3.6. Modulation of affinity for BQ

We measured dependence of D(gq) on the BQ concentration at dif-
ferent stages of —PG treatment, and plotted relative extents of fast
phase (0-1ms extent) against BQ concentration (Fig. 6B). In the
+ PG cells, the 2-min incubation with BQ had no effect at concentra-
tions up to 0.2 mM BQ (trace a). The concentrations of BQ to suppress
the fast phase to a half were 90 and 12 uM after 3d (—PG) and 7d
(—PG) cells, respectively (curves b and c). After re-addition of PG,
the high BQ sensitivity continued for a few days, giving half-
maximum concentrations of around 20 uM both in the presence and
absence of lincomycin (curves d and e, respectively). The results indicate
that the PG depletion increased the affinity of BQ to the Qg-inactivation
site. The site seems to be newly created by the PG depletion. The high

'-.__ c. BQ (50), 20min

1 ", b.BQ (50, 1min "=
_ Ja.noadd. " ""cERZagziEmget,

0=
10+ B)wr
S []
s 1 4
E ] Semena.. . . BQ (500), 40min
I 5] B
N "= b. BQ (50), 20 min=..
L: B K‘I\ ' \.\.\'\
E 0 a. no ad(;:-‘-;-‘-'l-—r-7-7-7-7-7-7-7-—-:
C) psu
1.0 -
5

a. no add.
b. BQ (500), 40min

0.001 0.01 0.1 1
Time /s

Fig. 7. Effects of long incubation at high concentrations of BQ on the fluorescence decay
in the + PG ApgsA mutant cells (A), wild type cells (B) and spinach PS II particles (C).
A, +PG cells. a, no addition. b and ¢, after 1 and 20 min incubation with 50 uM BQ.
B, wild type cells. a, no addition. b, after 20 min incubation with 50 uM BQ. ¢, after
40 min incubation with 500 uM BQ. C, spinach PS II particles. a, no addition. b, after
40 min incubation with 500 pM BQ.

affinity of the site for BQ remained for a few days even after the full re-
covery of the Qg activity (Dinp)) itself.

3.7. Effects of long-term incubation with BQ in the + PG and WT cells,
and in spinach PS Il

In the + PG cells, the fluorescence decay time course was not af-
fected much even after 1-min incubation at 50 uM BQ (Fig. 7A).
After 20 min incubation, we detected increase of the slow phase. In
the WT cells, the 20-min incubation at 50 pM BQ did not affect the
decay (Fig. 7B). The fast phase of Dq) was decreased by 30% after
40-min incubation at 500 uM BQ. The results in +PG and WT cells
are in contrast to the 80% decrease detected in the 7 d(—PG) cells
that was incubated at 50 pM BQ for 1 min in Fig. 5C. Therefore, BQ in-
hibits the Qg reaction also in PS Il in the + PG and WT cells very slow-
ly. If we simply compare the times (1 min vs. 40 min) and effective
concentrations of BQ (50 pM vs. 500 pM) between those in the + PG
and 7 d(—PG) cells, the 7 d(—PG) treatment has increased the sensi-
tivity to BQ more than 400 times.

We also tested the effect of BQ in the isolated spinach PS II parti-
cles (Fig. 7C). Even without BQ, the fluorescence decay was slow,
probably due to the partial loss of plastoquinone from the Qg site
and the effect of detergent. The effect of 500 uM BQ after 40-min incu-
bation on the fast phase was almost negligible, and the very slow
decay phase at 0.1-10s was slightly accelerated. The results indicate
the very low BQ sensitivity in the isolated spinach PS II particles.

3.8. Effects of PG-depletion on the fluorescence emission spectra at 77 K

We measured Chl fluorescence emission spectra at 77 K to study
the functions and structures of PBS, PSI and PSII RCs under — PG con-
ditions. Fig. 8A shows the fluorescence emission spectra measured
with an excitation light at 430 nm that mainly excited Chl a. The
+ PG cells showed two PSII peaks at 684 and 695 nm and a high PSI
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Fig. 8. Fluorescence emission spectra of ApgsA mutant cells at 77 K after varied lengths
of PG depletion. A, excitation at 430 nm. B, excitation at 540 nm. a, b, ¢ (thick lines) and
d (thin line) represent + PG, 14 d(—PG), 21 d(—PG), and 1 d(+ PG) treated after 21 d
(—PG) treatment, respectively. Each spectrum was normalized at the PSI peak at
around 720 nm. Base lines are shifted for each spectrum. Inset in B: ratio of the
683 nm peak height of PSII Chl fluorescence (F683) to the 725 nm peak height of PSI
Chl fluorescence (F725) plotted against length of —PG treatment.
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peak at 724 nm (trace a). Similar spectra were observed with 14 d
(—PG) and 21d(—PG) cells with a little higher peak at 684 nm
after normalization at PSI peaks. Even in the 21 d (—PG) cells, PSII
peaks were detected at 684 and 695 nm, together with the blue-
shifted PSI peak at 718 nm. The blue shift of PSI peak seems to reflect
the monomerization of PSI trimer induced by the depletion of PG [4].
Re-addition of PG to the 21 d(—PG) cells led to a slight decrease of
the 684 nm peak and a 2-nm red shift of the 718 nm peak to give a
spectrum similar to that in the + PG cells.

The results in Fig. 8A indicate that the PG depletion does not sig-
nificantly modify the fluorescence spectrum and that Chls are proper-
ly organized in the PSI and PSII RCs even after the long —PG
treatment. This indicates that there are almost no premature com-
plexes that contain uncoupled Chls, which gave different emission
spectra. Therefore, the — PG effects on the Qg function is not associat-
ed with the significant structural change of PS II. This is rather unex-
pected because a partial loss (or weak binding) of CP43 from PSII RC
was detected in the — PG cells in a PAL/AcdsA strain [17].

Fluorescence emission spectra were also measured with the exci-
tation light at 540 nm that excited PC mainly (Fig. 8B). The + PG cells
gave larger fluorescence peaks of PC at 655 nm and PSII-Chl a at 684
and 695 nm compared to those in the spectra excited at 430 nm, indi-
cating the predominant energy transfer from PC to Chl a on PSIL In
the 14 d(—PG) spectrum, the 684 nm band became a little larger. In
the 21 d(—PG) spectrum the peak shifted to 682.5 nm and increased
significantly. The PC band also became a little larger showing the high
655 nm peak. The large 682.5 nm band obscured the 695 nm band
that is emitted from Chls on CP47 [23]. A 1-day incubation after re-
addition of PG to the 21 d(—PG) cells induced a slight red shift of
the PSI band with no effects on the positions and intensities of
peaks of PSII Chls and PC (trace d in Fig. 8A and B). Inset figure
shows the ratio of the 682-4 nm peak to PSI peak in the 540-nm-
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Fig. 9. Time-resolved fluorescence emission spectra at 77 K in ApgsA cells. A and B panels
show the spectra from the +PG and 20 d(—PG) cells, respectively. Each spectrum was
obtained as a slice for each 200 ps with a central decay time indicated in figure in ns,
and normalized to the maximum peak. The data were obtained from the wavelength-
decay 2-dimensional data as shown in Fig. SI1.

excited spectra. The ratio did not change until 7 d(—PG) treatment,
and increased gradually after 14 days.

3.9. Effect of PG depletion on the fluorescence decay and the excitation
energy transfer at 77 K

Simultaneous measurements of fluorescence decay and spectra
were done at 77 K after the excitation with a 405-nm laser of 60-ps
duration, which excited both PC and Chl a. Fluorescence intensities
at different wavelengths and delay times were measured on the hor-
izontal and vertical axes, respectively, as the 2D-images (see Fig. SI1).
Each image covered a range at 640-780 nm and at 0-5 ns with re-
spect to the laser peak. The images were very similar for the +PG,
7 d(—PG) and 14 d(—PG) cells, and somewhat different in the 20 d
(—PG) cells. Therefore, it is concluded that the energy transfer pro-
cess was not significantly affected by the PG-depletion shorter than
14 days, and was modified in the 20 d(—PG) cells.

Time-resolved fluorescence emission spectra of the +PG and 20 d
(—PG) cells were calculated from the images in Fig. SI1 and shown in
Fig. 9. Each spectrum was obtained as a slice for each 200 ps with a center
decay time indicated in the figure and normalized to the maximum peak.
In the + PG cells (Fig. 9A), fluorescence bands of PC at 660 nm, PSII Chl a
at 684 and 694 nm, and PSI Chl a at 720 nm were detected. The PC band
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Fig. 10. A. A scheme for the loss/binding of PG on PSII during PG depletion/re-addition.
States a, b, ¢, and d represent PSII states of + PG, 3 d(—PG), 7-20 d(—PG), and un-
assembled subunits, respectively. As the decrease of PG content, low affinity PG, is
lost from PSII first (state b) with still active Qg. The loss of PG, in state b allows the ac-
cess of BQ that inactivates Qg (state b’). Loss of high affinity PGy from state b, then, de-
stabilizes CP43 and D1, and leads to the loss of Qg (state c). Further loss of tightly-
bound PG from the Q4 side makes PSII to be decomposed into subunits (state d), and
leads to the decrease of PSII content. We assume PGy and PG, to be PG, and PG, re-
spectively, in PSII structure in Fig. 1. The scheme is also applicable to the PG-
readdition process and the role of PG in the de novo synthesis/repair of PSIL B. Indirect
effect of PG-depletion on the energy transfer from PBS to Chl. a, after 0-14d (—PG)
treatment. Energy transfer from PBS to PSII was not suppressed because of the
flexible energy transfer mechanism. b, after 14-20d (—PG) treatment. Some PBSs
lack PSII and give 682.5 nm APC fluorescence at 77 K as seen in Figs. 8 and 9. See
Discussion for more details.



294 S. Itoh et al. / Biochimica et Biophysica Acta 1817 (2012) 287-297

b, 7d (-PG)

Delay time /ns

¢, 14d (-PG)

d, 20d (-PG)

| T NI W N B BN R

640 660 680 700 720 740 760 780
Wavelength /nm

Fig. SI1. Wavelength-time 2-dimensional images of fluorescence decay induced by the
405 nm excitation laser flash at 77 K in ApgsA mutant cells of Synechocystis PCC 6803.
From the top to the bottom: (+PG) cells, 7 d, 14 d and 20 d(—PG) cells. Fluorescence
was excited by a 50 ps diode laser flash, which peak was set at time zero. Fluorescence
emitted from the cell suspension was measured by a streak camera system as described
in Materials and Methods. Each image shows the time after the laser peak along the
vertical axis and the emission wavelength along the horizontal axis. Intensity of fluo-
rescence increases in the order of blue, green, yellow, red and black colors.

at 660 nm was high at 0 ns, and then, decreased rapidly as seen at the
longer delay times. The 684 and 695 nm bands were always detected
at 0-1.02 ns. The peak around 684 nm lasted longer than the 660 nm
PC band indicating the energy transfer from PC to PSII Chl. The PSI peak
showed a red shift from 718 nm at 0 ns to 725 nm at 0.5 ns, and then
decayed slowly. The PSI peak was the highest all the time. Similar results
were obtained in the 7 d(—PG) and 14 d(—PG) cells (see Fig. SI1).

In the 20 d(—PG) spectrum, we observed a large PC peak at
655 nm at 0 ns (Fig. 9B). The peak decreased rapidly in almost parallel
with the increase of the large 683 nm band, in a time range similar to
that in the + PG cells. The 695-nm band at 0 ns was obscured by the
overlapped large 683 nm band afterwards. PSI band gave a small peak
at 718 nm at 0 ns and decayed almost similarly to that in the +PG
cells. The spectrum at 3.36 ns showed only a huge 683 nm peak.

Apparent decay time constants were calculated by simulating the
decay at each wavelength range (Table 1). Decay time constants
(0.13, 0.53 and 1.3 ns) of PC at 663 nm in the 20 d(— PG) cells were
almost similar to those (0.16, 0.53 and 1.1 ns) in the +PG cells.
Time constants (0.077, 0.417 and 1.4 ns) of 684 nm band in the
+PG cells were replaced apparently by a longer time constant
(1.15ns) in the 20 d(—PG) cells. PSI fluorescence became relatively
smaller and exhibited a little longer time constant in the slower com-
ponent (0.34 and 1.7 ns) in the 20 d(—PG) cells compared to those
(0.37 and 1.1 ns) in the +PG cells, and gives a peak at 718 nm sug-
gesting the modification of PSI trimer.

Table 1
Effects of PG depletion on the fluorescence decay kinetics at 77 K in the Synechocystis
ApgsA mutant cells.

Cells Center wavelength A;(T;) Ay(T2) As(T3)

+PG 663 nm 0.50 (163 ps) 0.35(525ps)  0.15 (1080 ps)
684 nm 0.63 (77ps) 0.18 (417 ps)  0.19 (1440 ps)
693 nm 0.65 (90 ps)  0.22 (466 ps)  0.13 (1550 ps)
734 nm 0.60 (372 ps)  0.40 (1070 ps)

20d(—PG) 663 nm 0.47 (125ps) 0.44 (525ps)  0.09 (1340 ps)
684 nm 0.94 (1150 ps) 0.06 (4670 ps)
693 nm 0.79 (71ps) 0.12 (735ps)  0.09 (1690 ps)
734 nm 0.55 (339 ps)  0.45 (1690 ps)

Relative amplitude (A;) of each fluorescence decay phase and decay time constant (T;)
in parentheses was calculated at each emission range (with an indicated center
wavelength 4+2nm) in ApgsA mutant cells. The cells were grown in the +PG
medium or in the —PG medium for 20 days. A; is expressed relatively as the initial
intensity normalized for each wavelength range. T; was estimated by assuming the
exponential decay of each component.

The results in Table 1 and Fig. 9 suggest that the large long-
lifetime 683 nm peak in the 20 d(—PG) cells is emitted from APC
that collects excitation energy from PC at the base plate of PBS and
cannot transfer it to PSIL

4. Discussion

The results obtained in this study suggested multiple functional
sites of PG in PSII. The ApgsA mutant cells in a —PG medium have
been known to decrease oxygen evolution, amounts of Chl, PSII, PSI
[2-7], PSI trimer [4], PS Il dimer [7], and to inactivate Qg [5]. PG was
also shown to stabilize the CP43 binding to PS I in PAL/AcdsA mutant
cells that lack PBS [17]. However, the relation between these effects
and the exact locations of PG action sites has not been clear yet. We
tried to discuss the relation between the multiple PG-depletion ef-
fects shown in this study and the PG locations reveled in the 1.9 A
structure of T. elongatus PS 11 [12]. We first discuss about the two PG
functional sites that regulate the Qg function differently, mainly on
the basis of effects of 0-10 d(—PG) treatments in Sections 4.1-4.7.
Then, the mechanism of flexible energy transfer from PBS to PSII
was discussed in Section 4.8, on the basis of detection of APC fluores-
cence only after the long 14-21 d(—PG) treatments.

4.1. Effects of PG depletion on the morphology and division of cell

PG is specifically required for the cell division of this organism be-
cause the large numbers of dividing cells were detected after the 20 d
(—PG) treatment (Fig. 3). This confirms the conclusion in the PAL/
AcdsA mutant cells that do not have PBS [17]. The result in Figs. 2 and 3
further indicated that PG-depletion did not suppress the formation of
membranes and PBS. We can also assume almost constant PSI/PSII
ratio during the PG depletion because the fluorescence spectra excited
by Chl at 77 K (Fig. 8) was almost unchanged. The contents of Chl, PSII
and PSI are significantly decreased in the 20 d(—PG) cells. Therefore,
the thylakoid membranes should have high amount of PBS on the surface
and significantly low amounts of PSII and PSI in its inside.

4.2. Two types of PG depletion effects on Qg

The PG depletion induced two types of effects. The first type (desig-
nated L-type as interpreted below) increases the sensitivity to the inhibi-
tion by BQ because BQ addition suppressed the O,gq) and the fast 0.3 ms
phase of Dgq in the early stage (3-5 days) of PG depletion. The second
type (designated H-type) inhibits Oyin) and suppresses the fast phase of
D(int) Without BQ in the later stage (7-20 days) of PG-depletion. This ef-
fect was recovered rapidly within a day after the re-addition of PG.

The H-type effect corresponds to the gradual inhibition of O, evo-
lution and Qg activity reported [4-7,17]. On the other hand, the L-type
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effect is identified firstly in this study. We confirmed similar phenom-
ena in another PAL/AcdsA mutant cells (Fig. 3C) indicating that these
effects were induced by the PG depletion itself.

4.3. Inactivation of Qg by BQ after the short-term PG-depletion: L-type PG
function

The O,(gq) and the fast phase of D(gq) were suppressed by BQ rap-
idly in the early stage of the PG depletion, and these effects were re-
covered very slowly over 5-10days after PG re-addition. The
parallelism indicates that BQ inactivates Qg, and suppresses O,(gq).
BQ appears to work like a specific inhibitor of Qg, as DCMU does, in
the — PG cells. The effect is rather unexpected because BQ enhanced
the oxygen evolution in the + PG cells as an artificial electron accep-
tor to Qg. Therefore, it is suggested that Qg in PSII RC is in a special
condition that allows the inactivation by BQ after a short period of
PG depletion. Apparent half times of the slow charge recombination
in PSII were 0.4 s in the BQ-inactivated — PG cells and 0.9 s in the
DCMU-inactivated + PG cells in Fig. 5. The result indicates that the
binding of BQ to the Qg site under - PG condition is a little different
from that of DCMU. It is likely that the BQ-binding does not modify
the redox potential of Q4. Under this condition, PSII seems to be al-
most fully assembled as for proteins [17] and pigments as seen from
the proper PSII fluorescence spectra and decays (Figs. 8 and 9).

It is assumed that the short-term - PG treatment depleted PG from
its functional site, at which PG guards Qg from the BQ-effect. The af-
finity of BQ to its Qg-inactivating site (in the vicinity of Qg or in the
Qg site itself) was increased more than 400 times to give a low disso-
ciation constant of 12-20 pM in the PG-depleted cells (Fig. 6B).

4.4. Inactivation of Qg (without BQ) after the long-term PG depletion; H-
type PG function

Ox(inty and the fast phase of Dyjn) were decreased slowly during
the long-term PG-depletion over 10 days, and were rapidly recovered
within 10 h after the inoculation into the +PG medium (H-type ef-
fects). The rapid recovery was not affected by lincomycin, indicating
no requirement for the de novo synthesis of proteins.

The slow inactivation of Qg (without BQ) confirms the previous re-
ports of the thermoluminescence, PAM, and fluorescence decay re-
sults in the ApgsA [5] or PAL/AcdsA cells [17]. After the long -PG
treatments, mutant cells showed no S,Qg~ band and showed only
the S;Q4~ band of thermoluminescence suggesting the inhibition of
electron transfer from Q4™ to Qg [5]. This S;Qa~ peak was shifted by
DCMU indicating that DCMU binds to the remaining Qg site and shifts
the Qa redox potential [5]. Therefore, the Qg site seems to be modified
by the long PG loss to decrease the affinity to plastoquinone, although
the site still can bind DCMU. The results of BN-PAGE [17] also indicat-
ed the partial dissociation of CP43 from the PS Il complex after the PG
depletion. On the other hand, the inactivated Qg function was rapidly
recovered by the PG re-addition even in the presence of lincomycin
within 10 h. Therefore, the mechanism for the H-type effect may
occur by the modification of the Qg site to decrease the affinities of
plastoquinone and CP43.

4.5. Low- and high-affinity PG action sites: PG, and PGy

We named two types of PG effects as L- and H-types based on the
affinity difference as discussed below. The recovery from the H-type
effect occurred rapidly in the presence of lincomycin and does not
seem to be coupled to the protein synthesis/degradation. The recov-
ery from the L-type effect, on the other hand, occurred after a long
delay of 3-7 days. The two effects, therefore, behaved rather indepen-
dently, although they might be coupled somehow. It is clear that both
effects are regulated by the PG contents in the cells.

We propose an “affinity mechanism”, which assumes the high-
and low-affinity PG-action sites (designated PGy and PG sites, re-
spectively) for the H- and L-type effects. In general, all the PG-
binding sites in each cell must have been filled with PG during the
+ PG growth, and newly synthesized PG will be supplied to new frac-
tions of membranes and complexes. Upon the transfer into the -PG
medium, the low affinity PG, sites will loose PG faster than that on
the high affinity PGy sites in response to the gradual change of PG
concentration inside cells. On the other hand, after the long-term
PG depletion the recovery of PG to the PG, sites will be delayed be-
cause it will be accomplished only after the full binding of PG to the
high-PG-affinity sites including the PGy sites.

The “affinity mechanism”, then, explains the L-type effect to be
caused by the fast-depletion/slow-recovery of PG (PG.) at the low-
affinity site. We can assume that the rapid loss of PG, makes the Qg
function sensitive to the BQ inhibition, and that PG, will be only slow-
ly regained after the start of PG re-addition. On the other hand, the
slow suppression and the rapid recovery of the H-type effect can be
explained by the slow-depletion/fast-recovery of PG (PGy) at the
high-affinity site. The “affinity mechanism”, thus, explains the L-
and H-type effects well. Even if PG, and PGy interact somehow each
other, or their bindings are coupled “in a series”, their bindings will
still be regulated by the affinity difference.

4.6. Molecular mechanisms of the functions of PGy and PG,

The depletion of PG from the growth medium of ApgsA or PAL/
AcdsA cells has been known to suppress oxygen evolution activity
(O2(¢inpy) [3,5,6,17] and the electron transfer from Qa to Qg [5], and
to increase PSII with weakly-bound CP43 [17]. These effects occurred
in a time range similar to that for the H-type effects. Therefore, we
can assume that PGy works for the tight binding of CP43 and for the
proper configuration of D1 subunit that is required for the function/
binding of Q.

The results in the present study indicated that depletion of PG,
triggers the BQ-induced inhibition (L-type effect). The release of PG,
seems to increase the accessibility of BQ to the target site in the vicin-
ity of Qg because the — PG treatment decreased the BQ concentrations
required for the Qg inactivation (Fig. 6B), and increased the BQ sensi-
tivity more than 400 times (Fig. 7A). Another possible mechanism
may be that the PG-depletion increased the permeability of cell mem-
branes to BQ and increased the BQ concentration inside cells. Howev-
er, this seems to be unrealistic because BQ enhanced the rate of
oxygen evolution as the efficient electron acceptor in the + PG cells,
and did not suppress the Qg activity in the isolated spinach PS II
We, therefore, assume that PG, functions like a gatekeeper against
the access of BQ (or its semiquinone form), which inactivates Qg func-
tion probably by binding to the Qg site or/and displacing plastoqui-
none. The BQ binding is greatly enhanced by the loss of PG;. The role
of PGy, which protects Qg from the attack by BQ, is indicated for the
first time. Similar effect was detected with dichrolo-p-benzoquinone
in our preliminary study. Studies with variety of quinone species will
help understanding of the mechanism of L-type effect.

4.7. Locations of PGy and PG in PSII structure

In the five PG molecules identified in the 1.9 A structure of PS II of
T. elongatus [12] (Fig. 1), two are located nearby Qg. They form a lose
cluster with two SQDG (PG;,-SQ»-PG;-SQ;) on the lumenal surface.
Polar head groups of the latter three are exposed to the medium par-
tially (Fig. 1C), while PG, is fully covered by a loop from D2, and in
contact with CP43 and D1 subunits. PG,, therefore, seems to be tightly
bound to PSII, acting like an anchor bolt for the assembly of the three
subunits [10,12]. The loss of PG, will affect the structures/bindings of
these subunits, and also may affect the structure of Qg site that is sit-
uated on the other side of a membrane-spanning helix of D1 from
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PG,. On the other hand, PG; is in contact with the Qg tail and is not in
contact with CP43 [10,12]. PG4, which is sandwiched by SQ; and SQ5,
was once estimated to form the plastoquinone path [10]. We can also
assume PG, to be more weakly bound to PS Il compared to PG, based
on their different temperature factors [12].

PGy and PG, may be either, 1) PG, and PGy, 2) PG, and another PG,
or 3) PG molecules other than PG, and PGy, respectively. The case 1
interprets the high and low affinities of PGy and PG, well, with the
different locations of PG, and PG;. Fig. 10A represents a current
model of the PG depletion/recovery process by assuming case 1. PG,
is distant from D2 and CP43, and is exposed to the outer medium. If
PG; is lost or replaced (b state), we will not see a big change of PSII
structure except a hall on the surface connected to Qg tail. Such a
hall will weaken the affinity of Qg binding and increase the accessibil-
ity of small molecules like BQ in the outer medium to the Qg site to
displace or inactivate Qg (b’ state). On the other hand, the loss of
PG,, or replacement by another lipid, will significantly weaken the
binding of CP43, and may affect the D1 and D2 structures to displace
Qg even without BQ (c state). The other three PGs_s molecules located
nearby Qx site do not seem to be depleted easily because we did not
detect changes in the Qa function during the —PG treatment. Their
loss seems to occur only after the loss of PG, and PG,. The loss may
result in the destruction of whole PSII structure (d state) because it
will also detach CP47 from PSIl. We, thus, conclude that case 1
shown in Fig. 10A is a best working hypothesis at present, although
it is difficult to fully deny the other possibilities.

4.8. Pigment system and PSII structure in the —PG cells

The PG depletion decreased Chl content of the cells suggesting the
PG requirement for the assemblies of PSI and PSII. As for PSI, PG-
depletion suppressed the trimer formation and significantly de-
creased the PSI content [4]. It may come from the requirement of
PG molecules, which are tightly bound inside PSI, for the assembly
of PSI. The protein analysis also showed the decrease of PSI and PSII
contents [17].

The 10d(—PG) and 20d(—PG) treatments decreased the Chl
content to almost 25 and 18%, respectively, with respect to the cell
turbidity with almost constant PBS contents (Fig. 2). This situation
seems to have produced anomalously high PBS/PSII ratios. Although
the 21 d(—PG) cells showed the fluorescence spectrum with in-
creased APC fluorescence at 683 nm at 77 K when excited at the PC
absorption band, the emission spectrum excited at the 430-nm Chl
band was not modified much. Therefore, assemblies of Chl and pro-
teins on the PSII seem to be accomplished almost normally even in
the 20 d(—PG) cells. The assemblies of Chl a on the PSI monomer
complex also seemed to be normal because we detected a rapid rise
of the 723-nm PSI fluorescence band that indicates the fast energy
transfer from the shorter-wavelength antenna Chls on PSI. The shift
of 725-nm peak to 723 m suggests the decrease of PSI trimer in the
20 d(—PG) cells as reported [4].

The defect in the energy transfer from PBS to PSII was detected
only in the 20-21 d(—PG) cells as the increase of 682.5 nm fluores-
cence band with a long 1.15 ns lifetime from APC. However, the PG
depletion caused almost no effects on the fluorescence of PBS and
RC as far as Chl content is higher than 25%. PG, therefore, is not re-
quired for the contact of PBS to membrane and to PSII, for the synthe-
sis and assembly of PBS, and for the energy transfer from PC to APC
inside PBS. The energy transfer from PBS to PSII, therefore, seems to
be very flexible and independent of PG. One phycobilisome seems
to give the excitation energy to variable numbers of PSII at PSII/PBS
ratios of 1-4 if we assume the PSII/PBS ratio of 1 to be the lower
limit as schematically shown in Fig. 10B. Single PBS, therefore, is esti-
mated to give the excitation energy to nearly two dimers (4 PSII RC)
and to less than one monomer of PSII in the +PG and 20 d(—PG)
cells, respectively. Some PBS may transfer energy also to PSI even in

the —PG cells because we detected almost constant ratio of PSII/PSI
in the 77 K emission spectra. The results suggest that PG is indispens-
able for the stabilization of PSI and PSII RCs, and that some amounts of
RCs, which are almost mature as for pigment system, can be formed
even under the severe PG depletion.

5. Conclusion

The results in the present study indicated that two PG molecules
regulate the Qg function differently as shown in Fig. 10A. PG is also re-
quired for the assembly/stabilization of both PSII and PSI. PG is also
shown to be required for the cell division specifically. On the other
hand, PG is not required for the formation, binding to membranes
and energy transfer of PBS. PBS-PSII (or PSI) interaction seems to be
very flexible and is not affected by the PG depletion directly as
shown in Fig. 10B. As shown in previous study [17] de novo synthesis
of PSI and PSII protein subunits are not suppressed, while the assem-
blies into the mature PSI and PSII complexes seem to require PG. Pre-
sent study also showed that PBS formation and its attachment to the
membranes are not affected by PG.

We identified a low-affinity PG (PGy), which guards Qg from the at-
tack of BQ that inactivates Qg. We assume PG, to correspond to PG,
shown in the PSII structure in Fig. 1. On the other hand, PGy is required
to bind CP43 and Qg. The loss of PGy is estimated to modify the structure
of D1 protein and release Qg [5,17]. We assume PGy to correspond to
PG,. A cluster of the other three PG3;_s5 molecules around Qa that are
very tightly bound to PSII shown in Fig. 1, may be essential for the as-
sembly of D2 and whole PSIL Thus, PSII may not be formed properly
without PGs_s. A scheme in Fig. 10 interprets the PG-depletion process
and also seems to interpret the repair or de novo assembly process of
PSII. Negative lipids nearby phylloquinones in PSI [8] might function
like PG5_s in PSIL. On the other hand, it remains to be studied whether
PG also functions in the sites other than PSII to affect the long path elec-
tron transfer or not. It is interesting that each PG molecule in PSII seems
to have its specific role in the regulation of cofactor functions, in addi-
tion to its structural role to simply fill the space.
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